The development of fibrosis promotes the differentiation of myofibroblasts, pro-fibrotic cells, which contribute to tissue dysfunction. Myofibroblast differentiation is dependent on actin assembly, which in response to force, is mediated by various actin-binding proteins including the mammalian Diaphanous-related formins (mDia). We examined the role of mDia in the mechano-sensing pathway that leads to force-induced expression of ␣-smooth muscle actin (SMA), a marker and critical determinant of myofibroblast differentiation. In cells treated with siRNA to knockdown mDia and then subjected to tensile force using collagen-coated magnetite beads attached to ␤1 integrins, actin assembly was inhibited at bead contact sites. Force-induced nuclear translocation of MRTF-A, a transcriptional co-activator of SMA, was reduced 50% by mDia knockdown. The expression of the transcriptional co-activator of SMA, serum response factor, was reduced by 50% after siRNA knockdown of mDia or by 100% in cells transfected with catalytically inactive mDia. Force-induced activation of the SMA promoter and SMA expression were blocked by knockdown of siRNA of mDia. In anchored collagen gel assays to measure myofibroblast-mediated contraction, knockdown of mDia reduced contraction by 50%. We conclude that mDia plays an important role in the development of force-induced transcriptional activation of SMA and myofibroblast differentiation.
that are required for force-induced stimulation of SMA expression and myofibroblast differentiation (7) . At sites of force transfer, focal adhesion proteins act as proximal sensors (8, 9) for translating mechanical forces into the signals that activate the Rho pathway (10) . As a result, actin assembly is triggered (8) , and there is enhanced nuclear translocation of the SMA transcriptional co-activator, myocardin-related transcription factor-A (MRTF-A) (10) . Previous studies have shown that Rho signaling regulates the nuclear translocation of MRTF-A (11) . Currently, the mechanisms by which force application regulates actin assembly that leads to myofibroblast differentiation are not well-defined.
Actin assembly is regulated by formin proteins, which are involved in many cytoskeletal processes such as cytokinesis, actin stress fiber formation, neurite outgrowth, and intracellular trafficking (12) . Members of a subfamily of formins, the mammalian Diaphanous-related formins (mDia), interact with activated, GTP-bound Rho family small GTPases. Interactions between Rho and mDia disrupt the binding of the Rho-binding domain to the diaphanous autoregulatory domain in formins, thereby exposing the formin homology (FH) domains FH1 and FH2 and inducing actin assembly (13) . The assembly of actin filaments and the formation of actin stress fibers require a balance between the activity of mDia and the ROCK family of Rho effector kinases (14) . Although the activation of ROCK has been implicated in the regulation of mechanical force-induced actin assembly (10) , the role of mDia in this process has not been determined. External force-induced formation of focal contacts can be mediated by active mDia1, which can bypass the requirement for ROCK-mediated myosin II contractility in focal contact assembly (9) . Further, it has been suggested that formins such as mDia may mediate force-induced actin assembly at barbed ends of actin filaments by "leaky capping" as a result of the elasticity of formins (15) .
A separate actin-dependent function of mDia involves the activation of serum response factor (SRF) (16) , a transcription factor that regulates many growth factor-inducible and musclespecific genes, including SMA (17) . Activated mDia up-regulates SRF transcription, a process that is directly related to its capacity to induce actin assembly and diminish the pool of actin monomers (18) . We tested the hypothesis that in response to force, mDia promotes actin assembly and enhances SMA promoter activity as a result of the release of MRTF-A from actin monomers. Our results demonstrate that mDia is required for actin assembly at sites of mechanical force and that mDia induces the nuclear translocation of MRTF-A, the expression of SRF and the enhancement of SMA promoter activity. These processes lead ultimately to increased SMA expression and cell contractility, hallmarks of myofibroblast differentiation (1).
MATERIALS AND METHODS
Reagents-Latex (2-m diameter) beads were purchased from Polysciences (Warrington, PA). Antibodies to ␤-actin (clone AC-15), human gelsolin (clone GS-2C4), and rabbit polyclonal IgG conjugated to horseradish peroxidase, as well as fluorescein isothiocyanate (FITC)-conjugated goat antimouse antibody, tetramethylrhodamine B isothiocyanatephalloidin, and Y-27632 were from Sigma-Aldrich. FITC-goat anti-rabbit, anti-mouse ␤1 integrin, and anti-GAPDH antibodies were purchased from Cedarlane (Hornby, ON). A polyclonal antibody that recognizes MRTF-A was generously donated by H. Nakano (Juntendo University School of Medicine, Tokyo, Japan). Anti-ROCK-1 antibody was obtained from Millipore (Billerica, MA). A Myc-tagged, dominant-negative mDia construct in which the catalytically active F1F2 domains (pEFN.F1F2d1) were deleted and a constitutively active mDia construct in which the autoinhibitory domains (pEFN.F1F2ϩC) of mDia were deleted were produced by one of us (J. W. C.). Antibody to human mDia1 (clone C-20) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The BCA protein assay kit was purchased from Pierce.
Cells-Human embryonic kidney (HEK-293) cells or human gingival fibroblasts (HGF; passages [5] [6] [7] [8] [9] [10] [11] [12] were cultured at 37°C in complete DME medium containing 10% fetal bovine serum and a 1:10 dilution of an antibiotic solution (0.17% w/v penicillin V, 0.1% gentamycin sulfate, and 0.01% g/ml amphotericin). Cells were maintained in a humidified incubator gassed with 95% air and 5% CO 2 , and were passaged with 0.01% trypsin (Invitrogen, Burlington, ON). Prior to force experiments, cells were incubated in DME medium containing 0.5% serum, incubated with beads, and force was applied for various time periods.
Force Application-A force generation model was used as described previously (19, 20) . Magnetite 2-m diameter beads (Spherotech, Lake Forest, IL) were coated with collagen as described (20) , rinsed in phosphate-buffered saline, and attached to the dorsal surface of cultured cells. A ceramic permanent magnet (Jobmaster, Mississauga, ON) was used to generate tensile forces (0.6 pN/m 2 ) (21) perpendicular to the dorsal surface of the cell. To restrict examination of mechanosensory events to periods of time prior to bead internalization (determined by trypan blue quenching of FITC-collagen-coated beads), forces were applied to cells only up to 60 min.
Collagen Bead-associated Proteins-Collagen or BSA-coated magnetite 2-m diameter beads (Spherotech) were attached to 7 ϫ 10 6 cells at a 10:1 bead/cell ratio for 30 min. Cells and collagen-coated magnetic beads were collected by scraping into ice-cold cytoskeletal extraction buffer (0.5% Triton X-100, 50 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , pH 6.8) containing protease inhibitors. BSA-coated beads attach to cells by nonspecific interactions and allow comparisons of proteins associated with a broad array of membrane proteins to be contrasted with those associating with ␤1 integrins (22) (23) (24) . Beads were separated from cell lysates using a side-pull magnet. Bead-associated proteins were removed from beads with sample buffer, quantified (by BCA assay), separated on SDS-PAGE gels, and immunoblotted for specific proteins as indicated. Immunofluorescence and Confocal Microscopy-Cells plated on beads were allowed to spread and bind to collagen beads for 30 min. Cells were fixed with 3% formaldehyde in PBS, permeabilized with 0.2% Triton X-100, and stained with the appropriate primary antibody followed by FITC or rhodamine-tagged secondary antibody. Spatial distributions of protein staining around beads were determined by confocal microscopy (Leica, Heidelberg, Germany; 40ϫ, 1.4 numerical aperture oil immersion lens). Transverse optical sections were obtained at 1-m nominal thickness.
siRNA Knockdown-Specific inhibition of human mDia and gelsolin were conducted with siRNAs (Dharmacon) with the following sequences: mDia (25)-5Ј-AAAGGCAGAGCCACA-CUUCCU-3Ј, 5Ј-AGGAAGUGUGGCUCUGCCUUUUU-3Ј; gelsolin (26)-5Ј-GCAAUCGGUAUGAAAGACUUU, 3Ј-AGUCUUUCAUACCGAUUGCUU-3Ј. Inhibition of Human ROCK1 was obtained from Silencer Select Validated siRNA (Ambion) with the following sequences, 5Ј-CGGUUAGAA-CAAGAGGUAAUU-3Ј, 5Ј-UUACCUCUUGUUCUAACC-GUU-3Ј. Cells were transfected with gene-specific siRNA (200 nM) or a negative control siRNA targeting GFP (Dharmacon) using DharmaFECT transfection reagent 2 for 48 h. If transfections of cDNA constructs were also required in experiments, the siRNA transfections were conducted for a total of 72 h. Cells were washed in phosphate-buffered saline, lysed with Laemmli buffer, and immunoblotted to assess the efficacy of the siRNAdependent knockdown. After transfection and before force experiments, cells were incubated in DME medium containing 0.5% serum.
Transfection and Luciferase Promoter Studies-Cells were transfected with a 765-base pair rat SMA luciferase construct (Raphael Nemenoff, University of Colorado, Denver, CO) or an SRF reporter (p3D.ALuc) luciferase construct (27) and were co-transfected with a ␤-galactosidase construct as a control to normalize for variations of transfection efficiency. Transfections were done with FuGENE 6 (Roche Applied Science) according to the manufacturer's instructions. Cells were incubated with normal growth medium (5% serum in DME medium) within the first 36 h, and then cells were cultured in serum-reduced conditions (0.5% serum in DME medium) overnight. After transfections for 24 h, cells were loaded with collagen-coated beads, and magnetic force was applied for specific time periods. Cells were harvested, and luciferase and ␤-galactosidase activities were determined as described (28) . Transfection data were computed as the fold change compared with basal promoter activity normalized to ␤-galactosidase activity.
Statistical Analyses-All experiments were repeated at least three times on separate days and with separate groups of cells. For continuous variables, means and standard errors of means were computed. Differences between groups were evaluated by Student's unpaired t test or analysis of variance for multiple comparisons. Statistical significance was set at p Ͻ 0.05. Post hoc comparisons were performed with Tukey's test. For all experiments, at least three independent experiments were evaluated, each performed in triplicate.
RESULTS
mDia Mediates Force-induced Actin Assembly-We examined the recruitment of ␤-actin to sites of mechanical force application by immunoblotting collagen-bead associated-proteins. There was a time-dependent increase of ␤-actin, which peaked at 60 min (Fig. 1A) , indicating the formation of actin filaments at force-application sites (29) . In cells incubated with BSA-coated beads or in cells preincubated with a ␤1 integrin blocking antibody (4B4) or in cells pretreated with the Rhoassociated kinase inhibitor Y-27632, there was no increase of ␤-actin recruitment to beads after 60 min of force application. The numbers of beads isolated from each sample were counted to ensure that equivalent amounts (p Ͼ 0.2) of bead-associated proteins were isolated from cells in each experiment.
We determined the effect of mDia on force-induced ␤-actin accumulation around collagen beads by knocking down mDia with siRNA. Compared with cells treated with an irrelevant siRNA, cells treated with mDia siRNA exhibited a 2-fold decrease in force-induced ␤-actin recruitment to beads (Fig. 1B) . ␤1-Integrin immunoblots of bead-associated proteins from all samples showed similar amounts of protein, indicating that equivalent numbers of beads and bead-associated proteins were analyzed for each lane. We compared the organization of actin filaments in cells transfected with a constitutively active (CA) or a dominant-negative (DN) mDia construct. After staining with rhodamine-phalloidin and examination by confocal microscopy, we found very well-developed stress fibers in cells treated with CA mDia (Fig. 1C) , whereas in cells treated with DN mDia stress fibers were sparse and poorly organized.
Transcriptional Activation of ␣-SMA-Actin polymerization requires the assembly of actin monomers into filaments, a process which releases myocardin-related transcription factor-A (MRTF-A) from actin monomers and enables the migration of MRTF to the nucleus where it can regulate transcription (18) . Application of tensile force to fibroblasts triggers actin assembly and the nuclear translocation of cytoplasmic MRTF-A (10), which can then mediate serum response element (SRE)-regulated gene expression (28) . We examined whether mDia is required for force-induced translocation of MRTF-A. In human gingival fibroblasts immunostained for endogenous MRTF-A, immunofluorescence images showed nuclear translocation of MRTF-A following force application ( Fig. 2A) . Quantification of the percentage of cells with nuclear or cytoplasmic localization of MRTF-A showed that in cells transfected with an irrelevant (green fluorescent protein) siRNA as a negative control, there was a 3.5-fold increase of the percentage of cells with MRTF-A nuclear translocation after 60 min of force application (p Ͻ 0.01). In contrast, cells treated with siRNA to knockdown mDia showed no change in the percentage of cells with force-induced MRTF-A nuclear translocation (Fig. 2B, p Ͼ 0.2) .
Mechanical force-induced nuclear translocation of MRTF-A alone is not sufficient to mediate SRE-regulated gene expression (30) . MRTF-A also requires association with other transcriptional co-activators, most notably the serum response factor (SRF) (18) . To determine if force altered the expression of SRF in this mechanotransduction model, we conducted time course experiments in which cells were co-transfected with a SRF reporter (3D.A; luciferase read-out) and lacZ constructs and then subjected to force application. This SRF reporter consists of three copies of the "D" binding site from the actin pro- moter and responds exclusively to the actin/MRTF pathway (27) . The application of force to collagen-coated beads for 2 h caused a 3.5-fold increase of SRF-promoter activity (p Ͻ 0.02) in NIH 3T3 cells. In cells that were pretreated with siRNA to knockdown mDia, force-induced SRF-reporter activity after 2 h of force application was reduced by 33% (p Ͻ 0.02) compared with force-loaded cells with normal mDia levels (Fig. 3B) . The potential regulation of SRF expression by mDia was investigated using a mutant mDia (13) . Cells transfected with a DNmDia construct exhibited no increase in force-induced SRF reporter activity, and the baseline expression was below that of untreated cells. However, transfection with a constitutively active (CA)-mDia construct enhanced SRF reporter activity equivalently in cells treated with or without force by 2.7-fold compared with force application in cells that were not transfected.
SRF and MRTF-A can up-regulate transcriptional activity of SREregulated genes, including SMA (10, 31) . As the data above showed that mDia can affect force-induced nuclear translocation of MRTF-A, we examined the effect of mDia in force-induced SMA promoter activity. Cells that were transfected with a SMA-luciferase promoter construct and treated with siRNA mDia showed no significant enhancement (p Ͼ 0.2) of force-induced SMA promoter activity, but there was a 1.75-fold increase in cells treated with irrelevant siRNA (p Ͻ 0.02, Fig. 4A ). Similarly, there was no increase in force-induced SMA promoter activity in cells transfected with DN-mDia. Compared with baseline levels, the transfection of CA mDia caused a 9-fold increase in SMA promoter activity that was indistinguishable in cells treated with or without force.
By immunostaining and confocal microscopy we evaluated the spatial localization of mDia and SMA at collagen beads following force application. There was enhanced localization of both mDia and SMA at collagen-coated beads after 4 h of force application, consistent with the notion that formins such as mDia may act as proximal mechano-sensors in focal adhesions (9, 15) In cells without force treatment, there was little change of fluorescence intensity attributable to mDia (Fig. 4B) , and in cells treated with mDia siRNA, there was very little accumulation of SMA around beads.
Relative Contribution of mDia in SMA Expression-In addition to the effect of mDia on force-induced SMA transcription shown above, previous studies have also established roles for gelsolin and ROCK in regulating SMA expression (8, 10) . To determine the relative contribution of each of these pathways on force-induced expression of SMA, we compared the effects of reducing the expression of gelsolin, ROCK and mDia on force-induced SMA promoter activity. In cells pretreated with siRNA to knockdown gelsolin, ROCK, or mDia, forced-induced SMA-promoter activity was reduced by 60, 68, and 80%, respectively compared with force-loaded cells with irrelevant siRNAs (Fig. 5A) . The combined siRNA knockdown of gelsolin and Rho kinase produced an additional (75%) reduction of SMA promoter activity after double siRNA knockdown.
Because tensile force-mediated nuclear translocation of MRTF-A is required for activation of SMA promoter, we compared the effect of gelsolin, ROCK, and mDia on forceinduced MRTF-A nuclear translocation. Quantification of fixed cells immunostained for endogenous MRTF-A showed that force-induced MRTF-A nuclear translocation was inhibited by gelsolin, ROCK and mDia siRNA knockdown (Fig. 5B) .
However, there was no significant difference in the amount of reduction of MRTF-A nuclear translocation between the three treatment groups (p Ͼ 0.2).
mDia Is Required for Myofibroblast Differentiation-MRTF-A nuclear translocation contributes to the up-regulation of SMA, which, along with ED-A fibronectin, is a marker for myofibroblast differentiation (1). To determine the impact of mDia on force-induced myofibroblast differentiation, we examined the expression of SMA and ED-A fibronectin in NIH 3T3 cells subjected to tensile force. Cells incubated with collagencoated magnetite beads in low serum (0.2%) were exposed to tensile forces (0.6 pN/m 2 ) by magnetic forces perpendicular to the dorsal surface of the cells for 3 days and were evaluated by immunofluorescence. Immunostaining for SMA and ED-A fibronectin was very low in cells not exposed to force (Fig.  6A) but there was abundant SMA and ED-A staining in force-loaded cells. In contrast, force-loaded cells in the presence of mDia siRNA showed no increase of SMA and ED-A fibronectin staining. Immunoblots of SMA and ED-A fibronectin showed increased SMA and ED-A expression in force-treated cells that was reduced in forcetreated cells in which mDia siRNA was knocked down (Fig. 6B) . Immunoblots for GAPDH were used as loading controls.
In addition to the expression of ED-A fibronectin and SMA, increased tractional remodelling of the extracellular matrix is a hallmark of myofibroblast differentiation (1). Accordingly we examined the role of mDia in the contraction of stress-relaxed collagen gels. Cells treated with siRNA for mDia or irrelevant GFP siRNA were incubated in collagen gels plated on rigid tissue culture plastic for 3 days. On day 3, the collagen gels were released from the dish (stressrelaxed gels), and gel diameter was measured over time. Knockdown of mDia compared with an irrelevant siRNA control, reduced by 2-fold the contraction of stress-relaxed collagen gels ( Fig. 7A ; p Ͻ 0.001 at all sampling times). Similarly, transfection of DN-MRTF-A inhibited the contraction of stress-relaxed collagen gels. Immunoblots of GAPDH from cells extracted from the collagen gels showed that equivalent numbers of cells were present in the gels (Fig. 7B) . 
DISCUSSION
Cultured fibroblasts respond to applied mechanical forces by undergoing alterations of shape and structure that include actin cytoskeletal remodelling and the formation of stress fibers, which lead to the development of the myofibroblast phenotype (8, 10, 28) . Our principal finding is that mDia promotes actin assembly, which facilitates transfer of mechanical signals into downstream processes that promote SMA expression and myofibroblast differentiation. Overexpression or depletion of the actin-nucleating properties of mDia can disrupt this process by interfering with actin assembly. We have identified mDia as a crucial molecule in regulating the force-induced function of the transcriptional co-activators, MRTF-A and SRF. Further, we have shown that the impact of mDia on force-induced activation of SMA is comparable in magnitude to the actin assembly pathways regulated by gelsolin and ROCK (10) . These data provide evidence for a mechanotransduction system involving mDia in the regulation of actin assembly and SMA expression in myofibroblast differentiation (Fig. 8 ) and are consistent with earlier suggestions that formins such as mDia may be important in force-driven actin assembly and could be a key element cellular mechanosensation (15) .
Actin cytoskeletal remodelling has been suggested as a mechanosensory process that can translate molecular signals in response to applied mechanical force (32, 33) . mDia, which is an important actin-nucleating protein (34) and a critical mediator of actin nucleation, has been extensively studied in the maintenance of cell polarity, vesicular trafficking, signaling to the nucleus, and embryonic development (12) . Recent studies have indicated that mDia is required in stress fiber formation in response to mechanical stretch (35) and is involved in sphingosine-1-phosphate signaling to stress fiber formation in fibroblasts (36) . Mechanical tension triggers the localization of mDia to focal adhesions (9) and may mediate force-induced actin assembly involving formins such as mDia (15) . When we examined collagen bead-associated proteins of cells that had been subjected to tensile force, we found an enrichment of ␤-actin filaments that was dependent on the expression of mDia. Previous data showed that shear stress-induced actin reorganization is dependent on Rho (37) and Rho activation has been invoked in tensile-force-induced SMA expression in myofibroblast differentiation (10) . Because Rho binding to mDia has been reported to increase actin remodeling (38) and the activation of Rho causes MRTF-A nuclear translocation, which correlates with SMA expression (10), we examined how mDia is involved in SMA regulation. We found that increased nuclear translocation of MRTF-A by force was dependent on mDia. MRTF-A normally binds by its RPEL motif to actin monomers but dissociation of MRTF-A from actin monomers occurs when the cytoplasmic pool of actin monomers is diminished because of increased actin filament formation (39) . Subsequently, MRTF-A is enriched in nuclei where it becomes available as a transcriptional co-activator for binding of transcription factors to the promoter region of genes with a force-responsive region, such as the CArG boxes of the core sequences in the serum response element of the SMA promoter (28) .
The SRE is a binding site for many transcription factors and the serum response factor (SRF) is a primary transcriptional co-activator of the SRE that is responsible for controlling a number of genes that encode actin cytoskeletal and contractile proteins (40) . Previous studies showed that serum-and LIMKinduced SRF expression is linked to the activity of mDia (16) . We found that maximal transcriptional expression of SRF occurs 2 h after force application to cells. This response was dependent on the relative abundance of mDia because downregulation of mDia by siRNA or transfection with a dominant negative mDia construct inhibited force-induced up-regulation of SRF. However, any observed force-induced up-regulation of SRF was likely not detectable in cells transfected with constitutively active mDia because of the very high level of expression of SRF.
Because mDia regulates the transcriptional modifying activities of SRF (16) and MRTF-A (18), which in turn control the expression of mechano-sensitive genes like SMA (10, 28), we investigated the requirement of mDia in the pathway leading to force-induced up-regulation of the SMA promoter. In cells transfected with a SMA-luciferase promoter construct, we found that mDia was required for force-induced up-regulation of the SMA promoter. The co-localization of mDia and SMA was also found at magnetite bead sites, which indicate that force-induced signaling to mDia may be through a specialized cell membrane domain containing the lipid raft marker, ganglioside G M1 (41) . Further, we assessed the relative importance of mDia with other known actin assembly pathways (gelsolin (8) and ROCK (10) ) that regulate force-induced SMA expression. The incomplete suppression of force-induced SMA-promoter activity after siRNA knockdown of gelsolin, ROCK or mDia may indicate that each of these actin assembly pathways contributes separately but incompletely to SMA activation. However, in our current study, since we did not achieve 100% knockdown of any of these proteins, we cannot estimate precisely their relative importance to regulation of force-induced SMA expression.
We studied the effect of mDia on myofibroblast differentiation by exposing fibroblasts for 3 days to chronic tensile forces and then examined SMA and ED-A fibronectin, markers of myofibroblast differentiation. Whereas it is likely that the attached collagen beads were internalized within 24 h of incubation and therefore were not applying tensile forces to cellsurface integrins after 24 h, nonetheless we found that 3-day force exposure enhanced the expression of SMA and ED-A fibronectin, which was suppressed by siRNA knockdown of mDia. Further, knockdown of mDia or transfection of cells with dominant negative MRTF-A, markedly reduced the ability of cells to contract collagen gels. Taken together, these data suggest a mechanism for force-induced myofibroblast differentiation by which force induces the actin nucleating activity of mDia (9, 15) that leads subsequently to MRTF-A translocation and SMA expression.
